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(54) Process for the carbonylation of an alcohol and/or a reactive derivative thereof 



(57) A carbonylation process which comprises (a) 
contacting, in a first carbonylation reactor (1 ) at elevated 
temperature and pressure, an alcohol having n carbon 
atoms and/or a reactive derivative thereof with carbon 
monoxide in a liquid reaction composition comprising a 
halogen and/or halogen compound promoter and a 
G roup VI 1 1 noble metal carbonylation catalyst to produce 
a carbonylation product comprising a carboxylic acid 
having n+1 carbon atoms and/or an ester of the carbox- 
ylic acid having n+1 carbon atoms and the alcohol hav- 
ing n carbon atoms and/or an anhydride of the carbox- 
ylic acid having n+1 carbon atoms; (b) withdrawing (via 
off-gas vent line 6) from the first carbonylation reactor, 
an off-gas stream comprising carbon monoxide and op- 
tionally halogen and/or halogen compound promoter, 
and optionally carbonylation product; and (c) contacting 
in a second carbonylation reactor (2), the withdrawn off- 
gas stream with an alcohol having m carbon atoms and/ 
or a reactive derivative thereof in the presence of a hal- 
ogen and/or halogen compound promoter and a heter- 
ogeneous carbonylation catalyst comprising a support- 
ed Group VIII noble metal to produce a further carbon- 
ylation product comprising a carboxylic acid having m + 
1 carbon atoms and/or an ester of the carboxylic acid 
having m+1 carbon atoms and the alcohol having m car- 
bon atoms and/or an anhydride of the carboxylic acid 
having m+1 carbon atoms. 
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Description 

The present invention relates to a process for the carbonylation of an alcohol and/or a reactive derivative thereof. 
The production of acetic acid by rhodium -catalysed, iodide-promoted carbonylation of methanol in a homogeneous 

5 liquid-phase reaction medium is a known process and is operated on a commercial scale. Although such a process is 
highly selective : there is a gradual build-up in the carbonylation reactor of inert gaseous impurities such as nitrogen 
from the carbon monoxide feed gas and of byproduct gases such as, methane, hydrogen and carbon dioxide. The 
build-up of these gases in the reactor is controlled by venting off -gas from the reactor to keep the standing concentration 
of these undesirable gases in the reactor to an acceptable level. The vented off-gas contains carbon monoxide in 

10 addition to the undesirable inert and by-product gases. The vented off-gas may additionally comprise volatile iodide 
compound promoter, acetic acid product, water and un reacted methanol and/or methyl acetate reactant. Similar venting 
of off-gas is known in carbonylation processes for the production of acetic anhydride by carbonylation of methyl acetate, 
in which case the off-gas is essentially free of water vapour. 

In known processes, off-gas vented from a carbonylation reactor is processed through a recovery unit, such as a 

15 scrubber system, in which volatile halogen and/or halogen compound promoters and carboxylic acid are recovered 
and ultimately returned to the carbonylation reactor. The remaining gas, which comprises carbon monoxide and the 
undesirable inert and by-product gases, is then usually burned. Scrubbing systems for off-gases vented from carbon- 
ylation reactors are described for example in JP 61058803, AU 8288598 and US 4241219. 

A disadvantage of such scrubbing/burning systems is that the burnt carbon monoxide represents a loss of the 

20 overall conversion of carbon monoxide to carbonylation products in the plant. This is particularly a disadvantage when 
the source of carbon monoxide limits the overall plant productivity. 

It has now been found that the off-gas vented from a liquid-phase carbonylation process can be used as a feed 
gas to a second carbonylation reactor in which the carbon monoxide in the off-gas is converted to carbonylation product. 
Thus, according to one aspect of the present invention there is provided a carbonylation process which comprises 

25 (a) contacting, in a first carbonylation reactor at elevated temperature and pressure, an alcohol having n carbon atoms 
and/or a reactive derivative thereof with carbon monoxide in a liquid reaction composition comprising a halogen and/ 
or halogen compound promoter and a Group VIII noble metal carbonylation catalyst to produce a carbonylation product 
comprising a carboxylic acid having n+1 carbon atoms and/or an ester of the carboxylic acid having n+1 carbon atoms 
and the alcohol having n carbon atoms and/or an anhydride of the carboxylic acid having n+1 carbon atoms; (b) with- 

30 drawing from the first carbonylation reactor, an off-gas stream comprising carbon monoxide and optionally halogen 
and/or halogen compound promoter, and optionally carbonylation product; and (c) contacting in a second carbonylation 
reactor, the withdrawn off-gas stream with an alcohol having m carbon atoms and/or a reactive derivative thereof in 
the presence of a halogen and/or halogen compound promoter and a heterogeneous carbonylation catalyst comprising 
a supported Group VIII noble metal to produce a further carbonylation product comprising a carboxylic acid having m 

35 + 1 carbon atoms and/or an ester of the carboxylic acid having m+1 carbon atoms and the alcohol having m carbon 
atoms and/or an anhydride of the carboxylic acid having m+1 carbon atoms. 

The process of the present invention overcomes the disadvantage of the prior art by converting carbon monoxide 
in the off-gas vented from the first carbonylation reactor to carbonylation product in the second carbonylation reactor 
thereby increasing the overall yield of carbonylation products from carbon monoxide in the carbonylation plant. This 

40 is particularly beneficial when the source of carbon monoxide is limiting the capacity of the plant. 

The process of the present invention will reduce or even eliminate completely the amount of carbon monoxide in 
the vented off -gas which is burned from a liquid-phase carbonylation process. 

Another advantage of the process of the present invention is that the off-gas from the first carbonylation reactor 
can be used in the second carbonylation reactor without purification. 

45 Yet a further advantage of the process of the present invention is that the off-gas from the first carbonylation reactor 

may be optionally used without cooling. 

In the first and second carbonylation reactors, the alcohol reactants may independently be an aliphatic alcohol 
having up to 12 carbon atoms, preferably up to 6 carbon atoms including methanol, ethanol, propanol and isopropanol, 
butanols, pentanols and hexanols. A preferred alcohol is methanol, the carbonylation product of which is acetic acid 

50 and/or methyl acetate. Reactive derivatives of the alcohol include dialkyl ethers having alkyl moieties each having n 
or m carbon atoms as the case may be, alkyl halides, preferably iodides, having n or m carbon atoms as the case may 
be and esters of alcohols having n or m carbon atoms with carboxylic acids having n + 1 or m + 1 carbon atoms as 
the case may be, wherein n and m are independently suitably up to 12, preferably up to 6. Suitable reactive derivatives 
ol methanol include methyl acetate, dimethyl ether and methyl iodide. A mixture of more than one alcohol may be used 

55 in either reactor. A mixture of alcohol and reactive derivatives thereof may be used in either reactor. Preferably, methanol 
and/or methyl acetate are used as reactants in the reactors. Preferably, the number of carbon atoms, m, of the alcohol 
in the second carbonylation reactor is the same as the number of carbon atoms, n, of the alcohol of the first carbonylation 
reactor, but the reactants need not be the same. Thus, for example, methanol may be used as reactant in the first 
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reactor, but methanol and/or a reactive derivative thereof may be used as reactant in the second reactor. 

In the first and second carbonylation reactors, as promoter there may be used either a halogen or a halogen 
compound, which may be for example hydrogen halide, an alkyl or aryl halide, a metal halide or an ammonium, phos- 
phonium, arson i urn or stibonium halide. Promoters containing iodine as the halogen moiety are preferred. Preferably 
5 the promoter is an alkyl iodide, preferably having an alkyl moiety corresponding to the alcohol reactant and/or its 
reactive derivative, for example methyl iodide. 

The First Carbonylation Reactor 

10 The homogenous liquid-phase carbonylation process in the first carbonylation reactor may be any suitable process 
for the carbonylation of an alcohol having n carbon atoms and/or reactive derivative thereof to produce a carbonylation 
product comprising a carboxylic acid having n+1 carbon atoms and/or an ester of the carboxylic acid having n+1 carbon 
atoms and the alcohol having n carbon atoms and/or an anhydride of the carboxylic acid having n+1 carbon atoms. 
Thus acetic acid and its corresponding anhydride may be manufactured by carbonylation of methanol as described 
is for example in GB-A-1 233121 and GB-A-1234641 and the production of acetic anhydride with or without the net co- 
production of acetic acid from methanol and carbon monoxide in a series of esterification, carbonylation and separation 
steps is described in EP-A-0087870.- 

The Group VIII noble metal catalyst in the liquid carbonylation reaction composition in the first carbonylation reactor 
is preferably an iridium or rhodium-containing compound which is soluble in the liquid reaction composition. The iridium 
20 or rhodium catalyst may be added to the liquid reaction composition for the carbonylation reaction in any suitable form 
which dissolves in the liquid reaction composition or is convertible to a soluble form. 

Examples of suitable iridium-containing compounds which may be added to the liquid reaction composition in the 
first carbonylation reactor include IrClg, lrl 3 , lrBr 3 , [lr(CO) 2 l] 2 , [lr(CO) 2 CI] 2) [lr(CO) 2 Br] 2j [lr(CO) 2 y> [lr(CO) 2 Br 2 ]-, [Ir 
(CO) 2 l 2 ]-, [lr(CH 3 )l 3 (CO) 2 ]-, lr 4 (CO) 12 , lrCI 3 .4H 2 0, lrBr 3 .4H 2 0, lr 3 (CO) 12 , iridium metal, lr 2 0 3 , Ir0 2 , lr(acac)(CO) 2 , Ir 
25 (acac) 3 , iridium acetate, [lr 3 0(OAc) 6 (H 2 0) 3 ][OAc] J and hexachloroiridic acid [H^lrCle], preferably, chloride-free com- 
plexes of iridium such as acetates, oxalates and acetoacetates. 

Preferably, the concentration of iridium catalyst in the liquid reaction composition in the first carbonylation reactor 
is in the range 100 to 6000 ppm by weight of iridium. 

Examples of suitable rhodium-containing compounds which may be added to the liquid reaction composition in 
30 the first carbonylation reactor include [Rh(CO) 2 CI] 2 , [Rh(CO) 2 l] 2 , [Rh(Cod)CI] 2 , rhodium (III) chloride, rhodium (III) 
chloride trihydrate, rhodium (111) bromide, rhodium (III) iodide, rhodium (III) acetate, rhodium dicarbonylacetylacetonate, 
RhCl 3 (PPh 3 ) 3 and RhCI(CO)(PPh 3 ) 2 . 

Preferably, the concentration of the rhodium catalyst in the liquid reaction composition in the first carbonylation 
reactor is in the range from 1 ppm up to its limit of solubility in the reactor and/or product recovery system, typically 10 
35 to 1500 ppm by weight of rhodium. 

When the Group VIII noble metal catalyst in the liquid reaction composition in the first carbonylation reactor is 
iridium, the liquid reaction composition may contain an optional co-promoter selected from the group consisting of 
ruthenium, osmium, rhenium, cadmium, mercury, zinc, indium and gallium. 

When the Group VI II noble metal in the liquid reaction composition in the first carbonylation reactor is rhodium, 
40 the liquid reaction composition may contain an optional co-promoter selected from alkali metals and/or an organic 
iodide, such as a quaternary ammonium iodide. 

At least some of the alcohol and/or reactive derivative thereof will be converted to, and hence present as ester of 
the alcohol with the carboxylic acid product in the liquid reaction composition by reaction with carboxylic acid product 
or solvent. For example, methanol will be present as methyl acetate. The concentration of ester in the liquid reaction 
45 composition for rhodium-catalysed carbonylations is suitably in the range 0. 1 to 70% by weight, preferably 0.5 to 50% 
by weight, more preferably 0.5 to 35 % by weight and for iridium-catalysed carbonylations is preferably 1 to 70%, more 
preferably 2 to 50% and yet more preferably 3 to 35% by weight. 

Water may be formed in situ in the liquid reaction composition in the first carbonylation reactor, for example, by 
the esterification reaction between alcohol reactant and carboxylic acid product. Water may be introduced to the car- 
50 bony lat ion reactor together with or separately from other components of the liquid reaction composition. Water may 
be separated from other components of the reaction composition withdrawn from the reactor and may be recycled in 
controlled amounts to maintain the required concentration of water in the liquid reaction composition. Preferably, the 
concentration of water in the liquid reaction composition is in the range 0.1 to 15% by weight, more preferably 1 to 
15% by weight, most preferably 1 to 10% by weight in processes for producing carboxylic acids. Alternatively, the 
55 process may be substantially anhydrous, for example less than 0.1% water by weight, where the carboxylic acid an- 
hydride is a desired product. 

The concentration of the halogen or a halogen compound promoter used in the liquid reaction composition in the 
first carbonylation reactor is preferably in the range 1 to 20% by weight, more preferably 2 to 1 5% by weight. 
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A solvent preferably the carboxylic acid and/or ester product may be used in the first carbonylation reactor. 

The carbon monoxide reactant in the first carbonylation reactor may be essentially pure or may contain inert im- 
purities such as carbon dioxide, methane, nitrogen, noble gases, water and Cj to C 4 paraffinic hydrocarbons. The 
presence of hydrogen in the carbon monoxide and generated in situ by the water gas shift reaction in the first carbo- 
s nylation reactor is preferably kept low, for example, less than 1 bar partial pressure, as its presence may result in the 
formation of hydrogenation products. The partial pressure of carbon monoxide in the first carbonylation reactor is 
suitably in the range 1 to 70 bar, preferably 1 to 35 bar, and most preferably 1 to 1 5 bar. 

The pressure of the carbonylation reaction in the first carbonylation reactor is suitably in the range 10 to 200 barg, 
preferably 10 to 100 barg, most preferably 15 to 50 barg. The temperature of the carbonylation reaction in the first 
10 carbonylation reactor is suitably in the range 100 to 300 °C, preferably in the range 150 to 220 °C. 

The liquid phase carbonylation process in the first carbonylation reactor may be operated as either a batch or 
continuous, preferably a continuous process. 

Carboxylic acid and/or ester and/or acid anhydride product from the first carbonylation reactor may be recovered 
by withdrawing liquid reaction composition from the reactor and separating the carboxylic acid and/or ester and/or acid 
is anhydride product in one or more flash and/or distillation stages from other components such as the Group VIII metal 
catalyst, halogen or halogen compound promoter, water and unconsumed reactants which may be recycled to maintain 
their concentrations in the first carbonylation reactor. 

The Second Carbonylation Reactor 

20 

Off-gas withdrawn from the first carbonylation reactor comprising carbon monoxide is contacted in a second car- 
bonylation reactor with an alcohol having m carbon atoms and/or a reactive derivative thereol in the presence of a 
halogen and/or halogen compound promoter and a heterogeneous carbonylation catalyst comprising a supported 
Group VIII noble metal to produce a carbonylation product comprising carboxylic acid having m + 1 carbon atoms and/ 

25 or an ester of the carboxylic acid having m+1 carbon atoms and the alcohol having m carbon atoms and/or an anhydride 
of the carboxylic acid having m+1 carbon atoms. 

In the heterogeneous carbonylation process in the secpnd carbonylation reactor, the alcohol and/or reactive de- 
rivative thereof may be in the liquid and/or vapour phase. 

The alcohol and/or reactive derivative thereof used in the second carbonylation reactor may be introduced to the 

30 second carbonylation reactor together with and/or separately from the off -gas from the first carbonylation reactor. The 
off-gas withdrawn from the first carbonylation reactor may additionally comprise alcohol and/or reactive derivative 
thereof. The alcohol and/or reactive derivative thereof may be introduced to the second carbonylation reactor by mixing 
with hot vented off-gas from the first carbonylation reactor either as a liquid at ambient temperature or as a vapour at 
elevated temperature, thereby introducing a gas, vapour and/or liquid mixture into the second carbonylation reactor. 

35 A suitable liquid injector may be required to reduce thermal shock of the mixing process. It is expected that injection 
of liquid alcohol and/or reactive derivative thereof into the hot vented off-gas will cause some condensation of vapours 
in the vented off-gas. Previous heating and vaporisation of the alcohol and/or reactive derivative thereof may be em- 
ployed in order to avoid condensation in the total feed to the second carbonylation reactor. Suitably, the off-gas vented 
from the first carbonylation reactor will be at the elevated temperature and pressure of the first carbonylation reactor, 

40 for example at a temperature in the range 100 to 300 °C, preferably in the range 150 to 220 °C, for example about 
188°C, and at a pressure in the range 10 to 200 barg, preferably 10 to 100 barg, most preferably 15 to 50 barg, for 
example about 28.6 barg. 

Optionally, the off-gas withdrawn from the first carbonylation reactor may be passed through a condenser and 
knock-out pot to remove some of the condensable components before being admitted to the second carbonylation 
45 reactor. 

Preferably, the off-gas withdrawn from the first carbonylation reactor additionally comprises volatile halogen and/ 
or halogen compound promoter. This may be sufficient for the requirements of the second carbonylation reactor, or 
additional halogen and/or halogen compound promoter may be introduced to the second carbonylation together with 
and/or separately from the off -gas. 
50 The off-gas withdrawn from the first carbonylation reactor may additionally comprise carboxylic acid and/or ester 

product. 

The liquid Hourly Space Velocity for continuous operation of the second carbonylation reactor may be in the range 
0.05 to 10 and the feed gas to the feed liquid ratio may suitably be in the range 0.1:1 to 10:1, though higher or lower 
ratios may be employed. 

55 The second carbonylation reactor may be a multi-tubed heterogeneous reactor packed with a suitable heteroge- 

neous carbonylation catalyst. 

Any suitably active heterogeneous carbonylation catalyst may be used in the second carbonylation reactor Pref- 
erably, the heterogeneous carbonylation catalyst in the second carbonylation reactor comprises a Group VIII metal 
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selected from the group consisting of iridium, rhodium and nickel, and an optional metal promoter, on an inert support. 
Preferably, the heterogeneous catalyst in the second carbonylation reactor may suitably comprise from 0.1 to 20 
% by weight Group VIII metal and optionally from 0.1 to 20 % by weight of metal promoter. 

If a metal promoter is present in the catalyst composition, the weight ratio Group VIII metal.: metal promoter may 
5 suitably be in the range 200:1 to 1 :200. 

—Suitable metal promoters include iron, nickel, lithium and cobalt. 
Preferably the inert support is carbon. The carbon support may be any suitable activated or inactivated high surface 
area carbon or high surface area graphite. Preferred supports are the high surface area activated carbons. Examples 
of such materials are high surface area carbons having a surface area in excess of 500 rr^g* 1 . Suitably macroporous, 
10 mesoporous or microporous carbon may be used. 

Preferably, the heterogeneous catalyst for use in the second carbonylation reactor comprises rhodium and option- 
ally ruthenium supported on a carbon support. Alternatively, iridium with optional ruthenium may be used on a carbon 
support. 

The catalyst for use in the second carbonylation reactor may be prepared by impregnating the inert support with 
*s soluble compounds ol the Group VIII metal and optional metal promoter, removing the solvent and drying the compo- 
sition so obtained. 

Before use in the second carbonylation reactor it is preferred to activate the catalyst, suitably by contacting the 
catalyst with a reducing gas at elevated temperature, preferably at a temperature in the range 150 to 600°C. The 
reducing gas may be selected from carbon monoxide, hydrogen, mixtures of carbon monoxide and hydrogen, or off- 
20 gas from a carbonylation process. 

The second carbonylation reactor is suitably operated at elevated temperature and pressure. Suitably, the elevated 
temperature is in the range 150 to 350°C, for example about 200 D C. Suitably, the elevated pressure is in the range 1 
to 100 barg, preferably 20-30 barg. The second carbonylation reactor is suitably operated isothermally, with heat of 
reaction being removed by means known in the art, such as for example, an external steam drum with pressure control 
25 for generation of medium pressure steam. 

The heterogeneous carbonylation process in the second carbonylation reactor may suitably be operated as a 
continuous process. 

Preferably, the second carbonylation reactor is operated with down-flow so that any liquid products, unconsumed 
reactants and/or promoters may be removed easily from the reactor. The gases and/or vapours exiting the second 

30 carbonylation reactor may be passed through one or more condensers and/or coolers to condense liquid products, 
unconsumed reactants and/or promoters which may be separated from any residual gases and/or vapours and recycled 
to the first carbonylation reactor. Any residual gases and/or vapours may be disposed of by conventional means such 
as for example, by passing to conventional scrubbers and/or burners. If required, these are smaller than otherwise 
would be the case without the second carbonylation reactor of the present invention. 

35 Condensation of liquid products within the second carbonylation reactor may reduce catalyst life, and is preferably 

avoided by control of reaction temperature. However, lower reaction temperature may be desirable in order to reduce 
reactor costs. The temperature at which condensation of product occurs in the second carbonylation reactor may be 
reduced by feeding excess alcohol and/or reactive derivative thereof so that the product is substantially an ester rather 
than the less volatile carboxylic acid. Alternatively, the temperature at which condensation occurs may be lowered by 

40 lowering the pressure or by recycling to the second carbonylation reactor some of the gaseous effluent from the down- 
stream scrubbing system. 

The process of the present invention will now be further illustrated by reference to the following Examples and by 
reference to the Figure which represents a flow scheme for the process of the present invention. 

45 (I) Preparation of Catalysts 

Heterogeneous catalysts suitable for use in the second carbonylation reactor in the process of the present invention 
were prepared and tested. 

50 Catalyst A 

Catalyst A comprising rhodium (0.48% w/v) supported on microporous AR2 (Trade Mark) carbon (ex Sutcliffe 
Speakman) was prepared as follows: 

Microporous AR2 (Trade Mark) carbon (50 g) was washed free of metal impurities by adding the carbon to a 
55 solution ol 20% v/v nitric acid (250 ml) and heating the solution at its boiling point for a period of 1 hour. The carbon 
was isolated from the nitric acid solution by filtration and was then washed with 4 litres of cold distilled water before 
being dried in an oven at a temperature of 115°C for 3 hours. 

A solution of 0.203g of RhCI 3 in 40 ml of acetone was added to 20 ml of the washed and dried carbon. This is 
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equivalent to 0. 1 g of rhodium per 1 0 ml of carbon support (i.e. 0.48% w/v metal loading). The solvent was then removed 
by rotary evaporation at 40°C for 1 hour and at 80°C for a further hour. The resulting catalyst was dried in an oven at 
110°C overnight after which the catalyst was ready for use. 

5 Catalyst B 

Catalyst B comprising rhodium (0.48% w/v) supported on mesoporous carbon (grade WV11 00; ex WestvacoCorp.) 
was prepared as follows: 

The mesoporous carbon (50 g) was washed free of metal impurities by adding the carbon in a solution of 20% v/ 
*o v nitric acid (250 ml) and heating the solution at its boiling point for a period of 1 hour. The carbon was isolated from 
the nitric acid solution by filtration and was then washed with 4 litres of cold distilled water before being dried in an 
oven at a temperature of 115°C for 3 hours. 

A solution of 0.203g of RhCI 3 in 40 ml of acetone was added to 20 ml of the washed and dried mesoporous carbon. 
This is equivalent to 0.1 g of rhodium per 1 0 ml of carbon support (i.e. 0.48% w/v metal loading). The solvent was then 
15 removed by rotary evaporation at 40°C for 1 hour and at 80°C for a further hour. The resulting catalyst was dried in an 
oven at 11 0°C overnight after which the catalyst was ready for use, 

(II) Catalyst Test Rig 

20 A Catalyst Test Rig comprising a Hastelloy (trade mark) reactor tube of internal diameter 0.5 inch and of length 28 

inches with a 4mm OD axial thermowell was used in the following experiments. Liquid feed was supplied to the reactor 
via a pump capable of delivering liquids under pressure. A process stream was removed from the reactor and was 
passed to a 100 ml volume condenser, constructed from Hastelloy (trade mark), where liquid products were condensed 
and collected. A gaseous stream was removed from the condenser and passed through a gas water meter to measure 

25 jts volume. 

(III) Activation Procedure 

The catalysts prepared above were activated before testing in a heterogeneous process to illustrate their use in 
30 the second carbonylation reactor of the process of the present invention. 

A standard activation procedure was used whereby 10 ml of the catalyst was loaded into the Catalyst Test Rig 
reactor, followed by 89g of inert glass beads which act as a mixer/pre-bed. The catalyst was treated at a temperature 
of 300"C with nitrogen at a flow rate of 130 ml/min for 12 hours. The catalyst was then reduced at a temperature of 
188°C and a flow rate of 136 ml/min with a gas composition prepared to simulate the composition which would be 
35 expected downstream of a condenser placed in the off-gas vented from the first carbonylation reactor in the process 
of the present invention. The composition of this off-gas composition is given in Table 1. 

The catalyst activation procedure was deemed to be complete when the levels of carbon monoxide and hydrogen 
exiting from the reactor, as monitored by GC, were the same as in the simulated off -gas stream fed to the reactor. 

40 TABLE 1 - 
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GAS COMPOSITION USED IN CARBONYLATION EXPERIMENTS 


Component 


% mol 


Hydrogen 


10.2 


Nitrogen 


17.9 


Carbon Monoxide 


63.3 


Carbon Dioxide 


5.6 


Methyl Iodide 


2.8 


Methyl Acetate 


0.1 


Acetic Acid 


0.1 


Water 


0.2 
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(IV) Heterogeneous Carbonvlation Experiments 



10 



15 



The catalysts prepared above were tested in a heterogeneous carbonylation process using the conditions sum- 
marised in Table 2 be low to illustrate the second carbonylation reactor of the process of the present invention. Following 
activation of the catalyst, as described above, simulated off-gas was fed to the catalyst at a flow rate of 149 ml/min via 
a mass flow controller and the pressure of off -gas flowing through the reactor was then increased to 27 barg. After 
stabilisation at 27 barg for 30 minutes, liquid reactants were pumped to the reactor at a flow rate of 10.4 ml/hr via a 
high pressure pump. The volume of gas flowing out of the reactor was measured using a flow meter. The reaction was 
allowed to continue for approximately 40-50 hours. Samples of both gaseous and liquid products exiting the reactor 
were taken at least every 12 hours and were analysed by gas chromatography. The total mass of liquid products 
collected in the condenser at the end of the experiment was determined. 

The gaseous product data (volume and composition) and product liquid data (weight and composition) were used 
to derive parameters (defined below) which measure the performance of the catalysts in utilising the carbon monoxide 
in the off-gas. 

"C-mol" relates to the number of moles of carbon atoms in the carbonylation product which are derived from the 
alcohol reactant and/or reactive derivative thereof. For example, in Equation 1 , the methyl acetate carbonylation product 
contains twice as many carbon atoms derived from the methanol reactant as the acetic acid carbonylation product; 



20 



4 CH 3 OH + 3CO 



CH 3 C0 2 CH 3 + 2 CH 3 C0 2 H + H 2 0 



0) 



In this example the C-mol selectivity is SO C-mol% to each product since 2 moles of acetic acid are produced per mole 
of methyl acetate. 
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(V) Definitions 



„ „• , lo/ , (moles CO in feed) - (moles CO exiting reactor) x 100 

CO conversion (mol%) = -= j- — p — ^=r- — ; — in — a 

v ' (moles CO in feed) 



30 



kJ -u , lo/ x (mo es MeOH in feed) - (mo es MeOH exiting reactor) x 100 

MeOH conversion (mol%) = - , , v _ . - , . . . — -r a ' 

v ' (mo es MeOH in feed) 



35 



Acetyls selectivity (C-mol%) = 



C-moles in (MeOAc + AcOH) derived from MeOH x 100 
(C-moles in total products derived from MeOH) 



(VI) Results 
Examples A and B 



40 



45 



50 
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The total conversion of carbon monoxide (mol %) and conversion of methanol (mol%) together with selectivity and 
productivity data for Catalysts A (Example A) and B (Example B) are given in Tables 3-4 and 5-6 respectively. 

A comparison of the results in Tables 3 and 5 shows that a catalyst comprising rhodium supported on a mesoporous 
carbon support produces less methane (an undesirable by-product) than a catalyst comprising rhodium supported on 
a microporous carbon support and is therefore superior under the particular conditions of the test. 

TABLE 2 - 



REACTION CONDITIONS 


CO: MeOH in feed 


1:1 (molar) 


MeOH: Mel in feed 


22:1 (molar) 


Catalyst Bed Volume 


10ml a 


Feed Gas Flow 


1 49 ml/min 


Feed Liquid Flow 


10.4 ml/hr 


Reaction Time on Stream 


40-50 hours 



a. Equivalent to 4.98 and 2.95g of Catalyst A and B respectively. 
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TABLE 4 - 
CATALYST A 



Time on Stream (hr) a || 6.10 

a. Bed temperature = 188°C, Off- gas pressure = 21 barg 
MeOAc - methyl acetate; AcCH = acetic acid 
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TABLE 4- (continued) 



CATALYST A 


CO Conversion mol% 


11.71 


MeOH conversion mol% 


25.92 


Selectivity MeOAc 

C-mol% (from methanol) AcOH 


86.48 
0.00 
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Example C 

A catalyst (catalyst C) comprising 1% w/w Rh supported on microporous carbon (Sutcliffe Speakman Co. grade 
AR2) was prepared as described under (I). 10ml of this catalyst (4.97g) were loaded into the reactor as described 
ss under (III). 

The catalyst was activated at 250*0 by heating in 130ml/min flowing nitrogen for 3h followed by 140ml/min of 
simulated off-gas. The off-gas flow rate was then maintained at 140ml/min and the pressure increased to 28 bar The 
liquid feed (MeOH, Mel etc) was then delivered to the reactor at 10.4ml/h. The feed composition (see Table 7) in this 
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example was designed to simulate the feedstream that would be obtained following the mixing of fresh methanol with 
typical methanol carbonylation plant off-gas recovered after passing through a condensor (dry : low-Mel type off-gas): 

TABLE 7 



Low-Mel off-gas 


Feed 


CO 


C02 


H2 


N2 


MeOH 


Mel 


MeOAc 


AcOH 


H20 


Totals 


%mol 


38.02 


3.36 


5.79 


10.71 


40.06 


1.81 


0.06 


0.06 


0.13 


100 



The CO: MeOH ratio of the feed was 0.95, and the contact time ofthe feed on the catalyst was 2.7 s. The carbon- 
ylation reaction between CO in the off -gas and MeOH was allowed to proceed for 29h, with gas and liquid products 
analysed periodically. The data obtained is shown in Table 8. 



75 



TABLE 8 - CATALYST C 



Time/h 


9.75 


15.58 


21.92 


29.12 



20 


Selectivity C-mol % 




CH4 


0.69 


10.40 


9.08 


9.66 




DME 


0.00 


2.44 


2.39 


1.94 


25 


MeOAc 


5.80 


5.32 


5.41 


0.00 




AcOH 


93.51 


81.83 


83.12 


88.41 




(Acetyls) 


99.31 


87.16 


88.53 


88.41 




Totals 


100.0 


100.0 


100.0 


100.0 


30 














Conversion % 




CO 


92.59 


76.52 


78.85 


80.65 


35 


MeOH 


97.12 


97.35 


97.24 


100.00 



40 



The data in Table 8 indicates that the Rh/carbon catalyst is capable of scrubbing CO from simulated off -gas of 
composition 'dry, low-Mel' with a high efficiency of 70%+, despite the low level of Mel of 3 mol % available as a promoter. 
Moreover, selectivity to byproduct methane is < 10% C-mol, despite the high catalyst bed temperature of 260°C ob- 
served in this test. 
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Example D 

A catalyst (catalyst D) comprising 1% w/w Rh supported on microporous carbon (Sutcliffe Speakman Co. grade 
AR2) was prepared as described under (I). 2ml of this catalyst (0.96g) were loaded in the reactor as described under (III). 

The catalyst was activated by heating at 188°C in flowing nitrogen at 130 ml/min for 3h then in 100 ml/min of 
simulated off -gas for 3h. The off-gas flow rate was then reduced to 24 ml/min and the pressure increased to 28 bar. 
The liquid feed (MeOH, Mel etc) was then delivered to the reactor at 5.6 ml/h. The feed composition (See Table 9) in 
this example was designed to simulate the feedstream that would be obtained following the mixing of fresh methanol 
with typical methanol carbonylation plant off -gas recovered before passing through a condensor (wet, high Mel type 
off -gas): 



ss 
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TABLE 9 



5 



Low-Mel off-gas 


Feed 


CO 


C02 


H2 


N2 


MeOH 


Mel 


MeOAc 


AcOH 


H20 


Totals 


%mol 


24.16 


1.8 


3.58 


2.47 


24.05 


16.47 


0.82 


12.69 


13.96 


100 



The CO: MeOH ratio of the feed was 1 .0, and the contact time ofthe feed on the catalyst was 1 .7 s. The carbonylation 
reaction between CO in the off-gas and MeOH was allowed to proceed for 29h, with gas and liquid products analysed 
periodically. The data obtained is shown in Table 10. 



TABLE 10 - CATAI/ 


IfST D 


Time/h 

Bed temp (°C) 


5.33 
197 


29.20 
196 



20 


Selectivity C-mol% 




CH4 


0.03 


1.19 




DME 


1.63 


0.69 


zs 


MeOAc 


13.24 


15.36 




AcOH 


85.09 


82.76 




(Acetyls) 


98.33 


98.12 


30 


Totals 


100.00 


100.00 










Conversion % 


3S 


CO 


92.78 


91.47 


MeOH 


93.23 


92.14 



40 



45 



The data in Table 10 indicates that the catalyst is capable of scrubbing CO at efficiencies of 90% + from wet, high- 
Mel off-gas, despite the conditions of lower temperature (bed temperature 1 97°C) and higher throughput (1 .7 s contact 
time) than were used in Example 1. The high efficiency observed is probably due to the high level of Mel promoter 
(16.47 mol %) available in the feed. Byproduct methane selectivity was very low at < 2 % C-mol, indicative both of the 
predominance of the carbonylation reaction and of the low catalyst bed temperature of 1 97° C observed in the test. 

Examples (A) to (D) are not examples according to the present invention because they are only illustrative of 
feature (c) of the process of the invention. 

Carbonylation Apparatus 
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Figure 1 illustrates a carbonylation apparatus for use in the process of the present invention which apparatus 
comprises a first carbonylation reactor (1), an off-gas vent line (6), a methanol fesd line (7), a second carbonylation 
reactor (2) : a cooler (3), a reactor vent condenser (4), a reactor vent condenser separator (5), a recycle line (8), and 
a high pressure absorber (9). 

In use, an off-gas stream (10) is withdrawn from the first carbonylation reactor (1 ) and is passed along the off-gas 
vent line (6) where the off-gas stream is mixed with methanol from the methanol feed line (7). Alternatively, the off-gas 
is passed through a condenser and separator (not shown) to remove a portion of the condensable material before 
being mixed with methanol from the feed line (7). A methanol injector may be required to minimise thermal shock in 
the off-gas vent iine (6). Alternatively, the methanol feed may be vaporised and heated prior to mixing with the off-gas 
stream (6) or admission to the second carbonylation reactor (2). 
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The resulting mixed stream of off-gas and methanol (11) is then fed to the head of a second carbonylation reactor 
(2). The second carbonylation reactor (2) is multitubular and is operated isothernnally with the mixed stream (11 ) flowing 
downwardly through the reactor (2). A first section of tubes is required to heat the mixed stream (11) to reaction tem- 
perature. Heat of reaction is removed from the second carbonylation reactor (2) by way of medium pressure steam via 
s cooler (3) which comprises an external steel drum with pressure control. 

A product stream (12) is removed from the second carbonylation reactor (2) and is passed to a reactor vent con- 
denser (4) in which the product stream (12) is cooled to a temperature at which most of the acetic acid carbonylation 
product and methyl iodide promoter condenses. The stream (1 3) which exits the reactor vent condenser (4) is passed 
to a reactor vent condenser separator (5) where the condensed products (14) are separated and returned via recycle 
10 line (8) to the first carbonylation reactor (1). The non-condensed process stream (15) is passed to the high pressure 
absorber (9). 

Example 

is The process of the present invention using the apparatus described above, was simulated using an ASPEN (Trade 

Mark) computer model. In the simulation, the off-gas stream (10) is withdrawn from the first carbonylation reactor (1) 
at a temperature of approximately 1 88°C and at a pressure of 28.6 bara. Methanol is fed along line (7) at a temperature 
of 20°C. Addition of the cooler methanol stream to the off-gas stream results in at least some of the condensable 
products from the first carbonylation reactor (1 ) condensing. The amount of methanol added to the off-gas stream is 

20 such as to maintain a 1 .5:1 molar ratio of carbon monoxide to methanol in the mixed stream (11) feed to the second 
carbonylation reactor (2). The mixed stream (11 ) is at a temperature of approximately 177°C while the second carbo- 
nylation reactor (2) is operated isothermal ly at a temperature of 200° C. The reaction exotherm of 1 .28 MW will be 
expected to be sufficient to raise 2.4 te/hr of steam at 15.6 bara in the cooler (3). 

Owing to the presence of condensed reactor products and the high reaction temperature Hastelloy will probably 

25 not be an acceptable material of construction for the second carbonylation reactor (2) and therefore zirconium is ex- 
pected to be required to be used. 

In the computer simulation it is assumed that 1 00% conversion of methanol and 100% selectivity to acetic acid is 
achieved. 

In the computer model the product stream (12) from the second carbonylation reactor (2) is cooled to a temperature 
30 of 60° C in the reactor vent condenser (4) and passed to a separator (5) from which a liquid stream comprising carbo- 
nylation products from the second carbonylation reactor is withdrawn and recycled to the first carbonylation reactor 
via line (8). The non-condensable gases comprising carbon monoxide is passed to conventional high pressure adsorber 
0). 

A summary mass balance for the computer simulation is given in Table 7 below. 
35 Using the process of the present invention, less carbon monoxide will be passed to the high pressure adsorber 

than would be the case without the second carbonylation reactor. Therefore, the overall yield ol carbonylation products 
based upon carbon monoxide is increased. 

40 



45 



50 



55 



14 



EP 0 759 419 A1 



10 



15 



20 



25 



30 



z 
o 

H 

U 

w 



C/5 



40 



45 



o 
> 



o 

> 



Q 

H 
s 



Q 

sa 



3 o 

cri o 



s ^ 



CM 



r-I ^ 

^ 2 w 



o 
o 



M g g 

p S 2 

oo 



O 

ON 



I- 



oo 
o 



O 



O O 
O Q o 
OO P On 

pom 

00 iri 



§8 

5; * 



2 § § 

o o - 



§ - s 

o ^ ~ 00 
m 



s ° 

o i 

XT O 

NO O 

• o 

rr o 



s 

8 °- 

o <=> 

o 



o 




o 


§ 


O 




o 
oo 


o 


o 

ON 




o 
r- 


O 


p 


o 


to 




o 


o 


00 






oo 







o 
o 
o 

r-»" 
en 



H 



oo 



vO 



8 2 

^ s 

VO O 

-' 8 



S 

i 

s ° 
8 © 

p 



o 




o 


O 
O 


o 




o 

00 


o 


o 

On 




o 


o 


p 


© 






o 


© 


00 






00 







° <-> o 
o § o 
o § p 



co °! 

• </N 

NO 



2 ° 

O i 
O 

vO O 

• o 



© 

o o 
o 



Q 


o 




o 


.5500 


o 




o 
oo 


o 


o 

ON 


o 




o 


o 




o 




00 











o 
o 



vb 



o 
o 



^ ^ <N (N 

o o o o 

O O i i 

C7\ rr O O O 

^ . £ ^ 8 8 © 

n ^ M n °- °. 



oo 



Q 




SC 

U X 

5 o o 

o - u u 

<N cn c*"> 

O X X X X 

u u u u u 



o 



a 
o 
o 
u 

CN 



50 



55 



15 



EP0 759 419 A1 



vq 

co 
co 



oo 

CN 

O 



co 
O 
i 

wo 
cn 

On 
00 



co o ^ 

r- o § 

o o g o o 

°. 8 o © 

O 00 ^ 

VO M 




£ s 

oo co 

OO Tf 

cn 



cn ro 

vo VO 

o wo 

cn d 



VO 
00 

s 



(0 



0 O ol 

o £ Q 

f; 2 ci 

£ <x 2 

E 8 <*. 



O 
O 



O 

§ S § 9 9 

o o o 

oo • 



o 

VO 

OO 



00 vO vo 

? ? ? 

wo -<r wo 

oo vo On 

oo rr r- 

wo oo vo 

— * cn K 

i i i 



o 
+ 

ON 

00 CN 



CN 

On 
On 
V0 



vO 



O 
ro 



O co 

S ^ °°- 
o 
oo 

q- vo vo 

° tt vo 



CN CN 
O 00 



75 



20 



o 3 cn 

§ ? ° 

rt v> ^ 

^- $g 

r- o p 



o 
o 
o 
o 

o 

NO 



o 
o 
o 
vq 
od 

CM 



ON 

in 

ON 



o 

S o 

OO O 



o o 



oo vo 

? ? ? 

CO CN 

m vo r- 

— r- ^ 

VO CN 

T "7 



vo On 
^ vo 



VO 
O 
vo 
wo 



wo 
O 

vd 



ro 

On VO 

O oo 
On Ox 

CN 



VO 
vo 
CN 
VO 
CN 
vO 



25 



30 



C 
O 

O 
i 

w 



IN 



O 

o 



o 
+ 
vo 
vo 

o 



CN 

o 

I 

On 
O 
CN 
CN 



O 

o 
o 
o 

d 
o 

CN 



o 
o 
o 
vq 

od 

CN 



O 
On 
On 
vO 

O 



On 
O 
O 
co 



O 

d 



oo vo 



o 

+ 

OS 



+ 

oo r~- 

vo — i co 

vo vo cn 

ro r- — ; 

CN ro — « 



O 
+ 



vo 

ON 



ON V0 
00 



CN 

ON 



CN 

oo 



CN 3 

o 



VO 
vo 

00 CN 



2 IS vq 



CN 

VO 



CO 

s 



o 
o 

od 
O 
CN 



O 
+ 
»n 
vo 
r- 
o 



CN 
O 
i 

*n 
VO 
ro 



vO 
co 



O 
O 



— oo 
<n X ^ 

— S vO CO 

cn 



VO 



o 
d 



o o 



00 vO 

? ? ? 

O O co 

o oo o 

co o 

co O 



3: ^ 

? 5 

o — 

£ s 

. o 

wo — 



vO 



O O 
ro — 
00 



vo vo 



o 

in vo 



35 



40 



45 



£ 
2 

3 

H 




00 U u O 

uj ^ ^ ^ 

^ UU 

£X > J CO 




50 



55 



16 



EP0 759 419 A1 



10 



15 



20 



25 



30 



35 



40 



45 



50 



O 



c 
o 

U 



CO 

2 



QO 



NO 



H 



e 

3 



o 

oooooooooooooo 
o d o d d ^ © © d o d © o 

NO 



Q 

D 

a 
2 



O 
t 

o 

vo 
O 



fN 
O 
i 

<N 

no 



o 

ro ^— 

O O 
<N CN 

d d 



O 
i 

o 
oo 
oo 

on' 



o 

CN 



vO 



CN 

d 



o 



O 
NO 
CN 

VO 

d 



oo cn 

o o 

i i 

VO C*1 

m O 

CN O 

CN O 



P0R 


SO 
rn 
r- 


o 


(N 

G> 
iT> 


.2365 






d 


O 


> 


r- 




iA 





s 



3 



- vO 

JO tN vO 

°°. on — ■ 



8 

i 

o 
as 
m 



CN vO 



(N 
O 

i 

o 

ON 
NO 

CN 



O 
i 

to 
oo 
o 
o 



o 

O O 

© g d 



SO to i— ■ 



a 

5 



o o o 
d d d 



o o 
d d 



CN 

9 © 

o o g 

O Z: O 

O o — 

O o 



s i 



IN 

© © © 
d g d 



D 



*n on ^ 

*n R vo on cm R 

*n o vo On o 

d d — ' ~ 



CN 
*/n 

On 



On 
OO 
CM 
00 



CM ON 
O 

— ON 

— ; XT 
no m 



CN CN 

o o 

I I 

© T3- 

o oo 

O ON 

© ON 

rn CN 



< 
X 



(N 

X 



X CN 

U Z 



V X 

x o o 

o « u u 

CN m m m r<i 

O X PC X 



o 

U CJ u 



X 

O (J O 



3 55 



o 
o 

X 

fN 



55 



17 



EP 0 759 419 A1 



O 

z 

5 

H 
W 

S 



o 
o 
oo 
CO 



CS 
*o 

ON 

vO 



JO 



3 

i 

OO 

On 
On 



O O § 

O O O § O 

°. © O © 

o oo * 

CS CS 



00 NO NO 




ON 

r- 

On 
On 
VO 



VO 
CS 



» 3 



ON 

o 

00 



CS 



00 



15 



VN 
CS 

ON 

CS 



oo 

00 

On On 



o 



CS vO 



co 



— o 
co o 
co co © 



r- oo 
vo CS 



O 

. § 9 

o o o 



00 vO vo 

O Q O 

+ + + 

h N 

cs oo 

vO CS On 

CS On 

rr vd cs 



O vO 

+ cs 

O co 

CS Tj- 



oo s h 

oo oo n 

on ro 

d T 

VO >T> 

i—* f— » vO 



20 



ro 
ro 

On 
vO 



o 
o 

On 
VO 



CO 
O 
i 

cs 
r- 

co 



cs o § 

§ § § p p 

°. ~ © © © 

cs oo • 



o 
+ 
cs 

ON 



co vo 
00 co 



vO to 

? ? 

tJ- On 

^ CS 

vO On 



O 



? § 

cs m 

On p^. 

cs — 



On 
cs 



cs 
oo cs 

cs 

cs cs 



25 



30 



35 



© 

U 
i 

r- 
CO 

< 



o 
o 

co 

cs 
CS 



cs 
cs 

ON 

co 

CN 

co 



o 

t 

oo 
rr 



o o § 
©©©So 

*> d 8 © 
00 oo • 
cs cs 



00 vo vo 

o o o 

+ + + 

On VO 

O O O 

iO vO 

O " 



ON 

00 cs 

i i 



cs 

o cs 
4- oo 
cs 

§ £ 

CS 
cn vr> 



On 
O 

ob 
ro 



co 
vo 
oo 

vd 
cs 

ON 



co 
O 
t 

O 
CS 

to 

ON 



ro O 

© © © § p 

° ^ © © © 

O OO ' 

vO CS 



oo vo 

o o 

+ + 

oo cs 



lO 

o 



co 



o 



co 



vn cs 
o oo 



+ 
r- 
oo 
o 
o> 



ro — 



co 

r-' 
ro 
oo 
CS 



On On TT 

CO cs 

co vo 

iO On 

O *o 



o 

00 



VO 

NO VO T}- 

On vO 

~ CO 



VO 

On 00 

CO 



O 



40 



45 



< 



C/3 




5 

cq y u u 



a | S I 

O- > J 00 




50 



Claims 



1. A carbonylation process which comprises (a) contacting, in a first carbonylation reactor at elevated temperature 
and pressure, an alcohol having n carbon atoms and/or a reactive derivative thereof with carbon monoxide in a 
liquid reaction composition comprising a halogen and/or halogen compound promoter and a Group VI II noble metal 
carbonylation catalyst to produce a carbonylation product comprising a carboxylic acid having n+1 carbon atoms 
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and/or an ester of the carboxylic acid having n+1 carbon atoms and the alcohol having n carbon atoms and/or an 
anhydride of the carboxylic acid having n+1 carbon atoms; (b) withdrawing from the first carbonylation reactor, an 
off-gas stream comprising carbon monoxide and optionally halogen and/or halogen compound promoter, and op- 
tionally carbonylation product; and (c) contacting in a second carbonylation reactor, the withdrawn off -gas stream 
s with an alcohol having m carbon atoms and/or a reactive derivative thereof in the presence of a halogen and/or 

halogen compound promoter and a heterogeneous carbonylation catalyst comprising a supported G roup VI 1 1 noble 
metal to produce a further carbonylation product comprising a carboxylic acid having m + 1 carbon atoms and/or 
an ester of the carboxylic acid having m+1 carbon atoms and the alcohol having m carbon atoms and/or an anhy- 
dride of the carboxylic acid having m+1 carbon atoms. 

10 

2. A process according to claim 1 wherein in the first carbonylation reactor methanol or a reactive derivative thereof 
is contacted with carbon monoxide. 

3. A process according to either claim 1 or claim 2 wherein in the second carbonylation reactor methanol or a reactive 
*5 derivative thereof is contacted with the off -gas stream withdrawn from the first carbonylation reactor. 

4. A process according to either claim 2 or claim 3 wherein the reactive derivative is methyl acetate, dimethyl ether 
or methyl iodide. 

20 s. a process according to any one of the preceding claims wherein the halogen and/or halogen compound promoter 
used in the first and second carbonylation reactors is an alkyl iodide. 

6. A process according to claim 5 wherein the alkyl iodide is methyl iodide. 

25 7. A process according to any one of the preceding claims wherein the Group VIII noble metal carbonylation catalyst 
in the first carbonylation reactor is an iridium or rhodium-containing compound which is soluble in the liquid reaction 
composition. 

8. A process according to claim 7 wherein the Group VIII noble metal carbonylation catalyst is iridium and the liquid 
30 reaction composition contains a co-promoter selected from the group consisting of ruthenium, osmium, rhenium, 

cadmium, mercury, zinc, indium and gallium. 

9. A process according to claim 7 wherein the Group VIII noble metal carbonylation catalyst is rhodium and the liquid 
reaction composition contains a co-promoter selected from alkali metals and/or an organic iodide. 

35 

10. A process according to any one of the preceding claims wherein in the first carbonylation reactor water is present 
in the liquid reaction composition in a concentration in the range 0.1 to 15% by weight and carboxylic acid is 
produced by the process. 

40 11. A process according to any one of claims 1 to 9 wherein in the first carbonylation reactor the liquid reaction com- 
position is substantially anhydrous and carboxylic acid anhydride is produced by the process. 

12. A process according to any one of the previous claims wherein the off-gas withdrawn from the first carbonylation 
reactor additionally comprises volatile halogen and/or halogen compound promoter. 

45 

1 3. A process according to claim 1 2 wherein the promoter in the off-gas withdrawn from the first carbonylation reactor 
is sufficient for the requirements of the second carbonylation reactor. 

14. A process according to any one of the preceding claims wherein the second carbonylation reactor is a multi-tubed 
50 heterogeneous reactor packed with a heterogeneous carbonylation catalyst. 

15. A process according to any one of the preceding claims wherein the heterogeneous carbonylation catalyst in the 
second carbonylation reactor comprises a Group VIII metal selected from the group consisting of iridium, rhodium 
and nickel, and an optional metal promoter, on an inert support. 

55 

16. A process according to claim 15 wherein the inert support is carbon. 

17. A process according to any one of the preceding claims wherein in the second carbonylation reactor the hetero- 
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geneous carbonylation catalyst comprises rhodium, and optionally ruthenium, supported on a carbon support. 

18. A process according to any one of claims 1 to 16 wherein in the second carbonylation reactor the heterogeneous 
catalyst comprises iridium, and optionally ruthenium, supported on a carbon support. 
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